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ORIGINAL

In vivo effects on human skeletal muscle
oxygen delivery and metabolism
of cardiopulmonary bypass and perioperative

hemodilution

Abstract Purpose: To investigate
the in vivo effects of cardiopulmo-
nary bypass (CPB) and perioperative
hemodilution on human skeletal
muscle oxygen delivery and metabo-
lism and to determine the dilution
state at which these effects arise.
Methods: We conducted this obser-
vational study in adult patients
undergoing CPB surgery. Microcir-
culatory data were obtained by near-
infrared spectroscopy from the bra-
chioradial muscle in 20 consecutive
patients undergoing hemodilution for
CPB. Outcome variables included
tissue oxy- and deoxyhemoglobin
concentration ([HbO,], [HHb]), oxy-
gen content, blood flow, oxygen
delivery, and oxygen consumption.
Results:  Although CPB left tissue
blood flow and oxygen delivery
unchanged, both microcirculatory
variables correlated significantly and
inversely with hematocrit (Hct)

(r =—-0.39, p < 0.001; r = —0.50,
p < 0.001). CPB also left muscle
oxygen consumption (mVO,)
unchanged and this variable corre-
lated with the tissue hemoglobin

Introduction

Although the various complications after cardiopulmo-
nary bypass (CPB) surgery have decreased over time the
incidence of organ dysfunction remains unacceptably
high. Equally important, organ dysfunction increases the
length of intensive care unit (ICU) stay and mortality [1].

concentration and tissue oxygen
delivery (r = 0.40, p = 0.001;

r = 0.35, p = 0.005). During CPB
most of the systemic cardiovascular
variables remained unchanged. Con-
versely at Hct lower than 30%, mean
arterial pressure and pH decreased
and lactate values increased twofold,
whereas microvascular blood volume
and oxygen delivery increased. At
Hct lower than 20% blood flow and
oxygen delivery increased, whereas
hemoglobin and oxygen content
variables decreased. Conclu-

sions: CPB leaves skeletal muscle
oxygen delivery and metabolism as
measured by near-infrared spectros-
copy unchanged. The only factor that
correlates directly with the oxygen
content variables and inversely with
blood flow, and induces significant
changes in tissue hemoglobin content
and oxygen delivery, is hemodilution.

Keywords Near-infrared
spectroscopy - Microcirculation -
Cardiopulmonary bypass -
Oxygen delivery - Skeletal muscle

The mechanisms leading to organ dysfunction include
global hemodynamic and regional blood flow changes,

mitochondrial and microcirculatory dysfunction [2-5],
and tissue edema [6]. Although the known risk factors for
organ dysfunction related to CBP include hemodilution
and hypothermia, whether these conditions reduce oxygen
tissue delivery and alter cell metabolism remains
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controversial. Even though cardiac surgical textbooks
indicate hemodilution as an important factor in mini-
mizing microcirculatory disturbances secondary to
increased blood viscosity and adverse rheologic effects
due to low temperatures [7, 8], no in vivo evidence yet
shows whether hemodilution by lowering macrovascular
blood hemoglobin content alters microcirculatory oxygen
delivery and cellular metabolism.

Few studies have directly examined the microcircu-
lation during CPB in humans [9, 10]. None have supplied
in vivo data on skeletal muscle changes in microcircula-
tory oxygen delivery and tissue metabolism and, most
importantly, nor do we have a specific variable for mea-
suring oxygen delivery online in patients with suspected
microcirculatory dysfunction. A validated, noninvasive,
reliable, bedside technique for directly investigating
skeletal muscle microcirculatory oxygen delivery and
cellular metabolism in vivo is quantitative near-infrared
spectroscopy (NIRS) during venous occlusion [10-13].
An appropriate method for quantifying tissue hemoglobin
concentrations is phase-modulation spectroscopy because
it measures CPB and hemodilution-induced changes in
tissue photon path-lengths [14]. Having online informa-
tion on changes in hemoglobin concentrations, blood
flow, oxygen content, delivery, and consumption, and
possible interactions between these microcirculatory
variables and cardiocirculatory and metabolic variables
during hemodilution might help in undertaking thera-
peutic strategies to adjust them.

We designed this noninvasive observational study first
to investigate directly in patients’ skeletal muscle the in
vivo effects of CPB and perioperative hemodilution on
tissue oxygen delivery and tissue metabolism. Second, we
investigated the role of temperature and major systemic
cardiocirculatory and metabolic variables on microcircu-
latory variables as measured by phase-modulation NIRS
in patients undergoing CPB surgery. We also noninva-
sively investigated how hematocrit (Hct) in the same
patients influences oxygen delivery and tissue metabo-
lism. As major NIRS variables to do so we assessed the
oxy- and deoxyhemoglobin concentration ([HbO,],
[HHb]), muscle blood flow (mBF), oxygen content in
tissue (CtO,), tissue oxygen saturation (StO,), and muscle
oxygen consumption (mVO,). To test a new online index
for measuring oxygen availability at the bedside we used
NIRS to measure the sudden increase in [HbO,] after
venous occlusion during and after CPB.

Methods

During a study conducted at the Sant” Andrea Hospital, an
academic center, from January 2010 to July 2011 we
enrolled 20 adult patients scheduled for elective cardiac

surgery (coronary artery bypass) with the use of CPB. The
institutional review board approved the study procedures
and each patient gave written informed consent before
inclusion. Exclusion criteria are reported in Online
Resource 1.

Anesthesia and perioperative management

After oral benzodiazepine premedication, on the patient’s
arrival in the operating room, arterial and vein lines were
placed before inducing anesthesia. Anesthetic manage-
ment and perioperative procedures are given in Online
Resource 2.

CPB management is reported in Online Resource 3.
The body temperature was allowed to drift to a minimum
temperature from 33 to 35°C. When CPB ended patients
were actively rewarmed slowly to approximately 36°C
with warm forced-air convection. Clinical severity was
assessed preoperatively with the logistic EuroSCORE and
the risk of mortality was classified as low (score 1-2),
medium (score 3-5), and high (score >6) [15].

Time points for data collection

Data for systemic cardiovascular and metabolic and mi-
crocirculatory variables were collected 20-30 min after
anesthesia induction (baseline), soon after CPB started
(CPB1), 40 min after CPB started (CPB2), and 30 min
after recovery from CPB (no CPB).

Microcirculatory data collected

Microcirculatory variables were measured with a phase-
modulation NIR spectrophotometer (ISS Oximeter model
96208, Illinois, USA), as described in detail elsewhere
[16], performing procedures described in Online Resource
4. Two sets of NIRS measurements were recorded at each
time point. A first set of static data was collected by
directly measuring the stable tracks of the oxygenated and
the deoxygenated forms of tissue hemoglobin concentra-
tion immediately before pneumatic compression. A
second set of dynamic variables were obtained by mea-
suring tissue hemoglobin concentration changes after
repeated pneumatic cuff inflations [17, 18] (Table 1).
How NIRS variables were obtained is reported in Online
Resource 5.

To assess how Hct influences cardiovascular systemic
and microcirculatory variables we compared data corre-
sponding to Hct values higher and lower than 30% and
higher and lower than 20%.
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Table 1 List of NIRS variables and types of measurement and calculation

Abbreviations Type of measurement Type of calculation Units

[HbO,] Direct - pmol/1

[HHD] Direct - pmol/l

[HbT] Calculated [HbO,] 4+ [HHb] pmol/1

CtO, Calculated 1.34 x StO,/100 x ([HbT] x 0.645/100) ml O,/100 ml
StO, Calculated ([HbO,]/([HbO,] + [HHb])) x 100 %

tBV Calculated [HbT] in relation to the endovascular Hb ml/100 ml

tDO, Calculated CtO, x mBF ml O,/min/100 ml
tHbO,D Calculated Rapid [HbO,] increase during venous occlusion ml O,/min/100 ml
mBF Calculated Rapid [HbT] increase during venous occlusion corrected for endovascular Hb ml/min/100 ml
mVO, Calculated Stable and prolonged [HHb] increase during venous occlusion ml O,/min/100 ml

[HbO,] oxygenated hemoglobin concentration, [HHb] deoxygenated
hemoglobin concentration, [HbT] total hemoglobin concentration,
CtO, tissue oxygen content, StO, tissue oxygen saturation, BV tissue

Statistical analysis

The Kolmogorov—Smirnov test was used to assess normal
distribution followed by repeated measurements analysis
of variance (ANOVA). Bonferroni’s test was used to
establish differences between the four data collection
points. All data are expressed as mean =+ standard devi-
ation (SD). A one-way ANOVA was used to test
differences in the variables grouped according to the
patients’ severity score and degree of hemodilution. The
nonparametric Mann—Whitney test was used to analyze
non-normally distributed data. Pearson’s correlation test
and regression analysis were used to determine a possible
correlation between two variables. p values less than 0.05
were considered as statistically significant. Data were
analyzed with the software program MedCalc, version
11.5.

Results

All 20 patients enrolled completed the study (Table 2).
All cardiocirculatory and microcirculatory variables tes-
ted at each time point were normally distributed.

Temperature and systemic cardiocirculatory
and metabolic variables

Temperature diminished by about a mean 6% after CPB
(range 1.4-14.0%) and increased after patients were
warmed.

Throughout surgery patients were kept hemodynami-
cally stable with inotropic and vasoconstrictor agents and
no major hypotensive episodes developed during the
study. The only inotropic drug used during CPB was
enoximone (Table 3). None of the patients required
vasoconstrictors.

blood volume, tDO, tissue oxygen delivery, tHbO,D tissue oxyhe-
moglobin delivery, mBF muscular blood flow, m VO, muscular oxygen
consumption

Table 2 Demographic, anthropometric data, clinical severity, and
comorbidities for the 20 patients undergoing cardiac surgery

Demographic and anthropometric data
Sex, n, M/F

Age, mean (SD), years

BMI, median (IQR), (kg/m?)
Logistic EuroSCORE, median (IQR)

13/7

68.2 (1.5)

26.0 (25.0-27.4)
8.2 (3.8-13.0)

3

Low risk, n

Medium risk, n 5

High risk, n 12
Comorbidities, n (%)

Hypertension 12 (60.0)
Hyperlipidemia 10 (50.0)
Chronic obstructive pulmonary disease 4 (20.0)
Diabetes mellitus 6 (30.0)
Hypothyroidism 3 (15.0)
Chronic renal failure 2 (10.0)
Peripheral arterial disease 3 (15.0)

BMI body mass index, IQR interquartile range

All the tested systemic cardiovascular variables
remained unchanged during CPB except mean arterial
pressure (MAP). MAP varied markedly between subjects
and at CPB2 diminished significantly from baseline
(Table 3). MAP variations correlated with those in Hct
(r =0.37, p = 0.002). The cardiac index (CI) underwent
slight individual variations during pre- and post-CPB
reaching values similar to those related to pump flow.
SvO, invariably remained at values exceeding 70%.
When CPB began, Hct diminished by about 45% (range
23.2-63.4%) and remained lower than baseline also when
CPB ended. Hb also underwent a CPB-induced decrease
but to a lesser extent (23%). Repeated measurements
ANOVA showed that the mean corpuscular hemoglobin
concentration (MCHC) (Hb/Hct ratio) increased signifi-
cantly after CPB (p < 0.001) and decreased after CPB
ended but remained at values higher than baseline.

The metabolic variable pH remained in the normal
range during CPB and no correlation was found between
changes in pH and changes in other variables measured.
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Table 3 Temperature and systemic cardiocirculatory and metabolic variables measured in the 20 patients after anesthesia induction,

twice during CPB and 30 min thereafter

Variable Baseline CPB1 CPB2 No CPB p value
Mean arterial pressure gmmHg) 79.83 (13.2) 67.7 (11.1) 64.12° (15.0) 66.5 (11.0) 0.003
Cardiac index (I/min/m~) 2.0 (1.1) 2 3 (. 9) 2.3 (1.3) 2.5 (0.8) 0.356
Central venous pressure (mmHg) 8.9 (4.7) 4 8.7 (3.6) 9.5 3.2) 0.533
Temperature (°C) 35.8 (0.6) 33 9>¢ (1 6) 34.7%¢ (1.3) 36.0.(0.5) <0.001
Hematocrit (%) 35.2 (4.6) 21.17 (3.6) 21. 6&h (3.8) 25.6' (6.7) <0.001
Hemoglobin concentration (g/dl) 11.6 (1.3) 8.87 (1.3) 8.7% (1.5) 9.7' 2.0) <0.001
Lactates (mmol/l) 0.64 (0.29) 1.29™ (0.55) 1.48" (0.59) 1.58° (0.70) <0.001
pH 7.44 (0.04) 7.43 (0.06) 7.40 (0.07) 7.41 (0.05) 0.077
pCO, 34.9 (4.9) 37.5(5.8) 40.4° (4.0) 38.3 (4.3) 0.004
Mixed venous oxygen saturation (%) 77.3 (7.6) 85.1 (11.3) 79.3 (9.2) 74.3 (9.7) 0.841
Inotropic drug requirements, n, dose range (nug/kg/min) EN, 14 EN, 18 EN, 18 EN, 9 -
3-5 pg/kg/min - 3-5 pg/kg/min - 3-5 pg/kg/min - 3-5 pg/kg/min
Data were expressed as mean + SD significant Variations ip=0. 049 versus baseline; ° p < 0.001

CPBI soon after the start of CPB, CPB2 40 min after the start of
CPB, EN enoximone, n number of subjects, ANOVA analysis of
variance

ANOVA for repeated measurements was used to compare data.
Bonferroni’s test was used for post hoc comparison to identify

Conversely, PaCO, increased at the second time point
during CPB from baseline and lactates increased after
CPB began until patients were weaned from CPB but
values remained below 2.5 mmol/l (Table 3). Lactate
values showed a weak inverse correlation with changes in
Het (r=-0.28, p=0.015) and MAP (r = -29,
p = 0.025).

Microcirculatory data in skeletal muscle tissue

About 10% of NIRS tracks recorded were unreliable and
discarded. The variability in NIRS triplicate measure-
ments remained within an acceptable range (mean
coefficient of variation 11.4, ranging from 2 to 28%).

versus baseline; € p < 0.001, ¢ p < 0001 versus with no CPB;
‘p= 00198 tp <0001 gp < 0.001, ' p < 0.001 versus base-

hne p=0. 0123 p = 0.0198 versus with no CPB;’ p < O 001,
Kp <0.001, 'p=0.0013 versus baseline; ™ p < 0.001, "p <

0.001, ° p < 0.001 versus baseline; ? p = 0.002 versus baseline

Hemoglobin concentration and blood volume

[HbO,] values diminished by 14% from baseline after
CPB (Bonferroni test, p < 0.001) and remained lower
than baseline even after CPB ended. Conversely, [HHb]
invariably remained unchanged (p = 0.824). Conse-
quently the [HbT] decreased by 8.5% from baseline
during CPB and remained low when CPB ended
(Table 4).

Pearson’s test identified a weak correlation between
[HbT] and Hct (r = 0.23, p = 0.044) or MAP (r = 0.29,
p = 0.016) but no correlation between [HbT] and CI,
temperature, pH, PaCO,, lactate, or the microcirculatory
variable mBF. Microcirculatory tBV increased signifi-
cantly from baseline during CPB (Table 4). tBV
increment correlated with mBF (r = 0.40, p = 0.001),

Table 4 Microcirculatory variables measured by NIRS in the 20 patients after anesthesia induction, twice during CPB and 30 min

thereafter

Variables Baseline CPB1 CPB2 No CPB p value
[HbO,] (umol/1) 35.3 (9.8) 30.3% (10.0) 31.9° (9.5) 29.1° (8.5) <0.001
[HHb] (pumol/l) 19.9 4.7) 20.3 (5.5) 19.8 (4.7) 19.5 (5.7) 0.824
[HbT] (pmol/l) 55.2 (12.8) 50.5¢ (11.6) 51.7° (12.1) 48.6" (11.1) <0.001
CtO, (ml O,/100 ml) 0.31 (0.08) 0.26% (0.09) 0.28" (0.08) 0.25' (0.07) <0.001
StO, (%) 63.2 (8.1) 61.9 (11.6) 61.2 (7.1) 59.7 (8.7) 0.064
tBV (m1/100 ml) 3.1 (0.8) 3.8’ (0.9) 3.9 (0.8) 3.4 (0.9) <0.001
tHbO,D (ml O,/min/100 ml) 1.4 (0.8) 2.1 (0.9) 2.2 (1.2) 1.9 (0.9) 0.060
tDO, (ml O,/min/100 ml) 0.12 (0.07) 0.15 (0.09) 0.14 (0.13) 0.11 (0.10) 0.614
mBF (ml/min/100 ml) 0.39 (0.17) 0.55 (0.32) 0.51 (0.41) 0.43 (0.28) 0.274
mVO, (ml O,/min/100 ml) 0.14 (0.09) 0.16 (0.07) 0.20 (0.12) 0.20 (0.15) 0.312

Data are expressed as mean (SD). All abbreviations are defined in

Tables 1 and 3

ANOVA was used to compare data for repeated measurements.
Post hoc statistical comparison with Bonferroni’s test was used to

identify significant Varlatlons

0.001 versus baseline; ¢ p= 0.001,

baselme & p= 0.002,
I p <0.001,*

p = 0.012,
p < 0.001 versus baseline

*p = 0011, bfp =0.014,
¢ p = 0.005,

Cp<

p = 0.002 versus

' p <0.001 versus baseline;
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tHbO, D (mlO, /min/100 ml)
[ ]

10 20 30 40 50
Hct (%)

Fig. 1 Scattergram showing tissue oxyhemoglobin delivery
(tHbO,) values and percentage changes in systemic hematocrit
(Hct%) in the 20 patients undergoing perioperative hemodilution
during CPB surgery. Note the regression line showing a nonlinear
relation between the two variables described by the equation
y = 5.45 — 0.21x + 0.0026x°

tHbO,D (r = 0.52, p < 0.001), and mVO, (r = 0.46,
p < 0.001).

Tissue oxygenation, blood flow, and oxygen delivery

CtO, decreased by about 14% after CPB began and
remained low after CPB ended. Despite these changes,
StO, remained unchanged throughout the study. CtO,
correlated with Hct and mVO, (r = 0.25, p = 0.028;
r= 044, p <0.001) but not with changes in mBF,
oxygen delivery, or changes in systemic cardiocirculatory
variables such as CI, pH, lactate, and MAP. Pearson’s test
showed no correlations between StO, and Hct, or between
StO, and skeletal muscle blood flow or mVO,.

Although the microcirculatory blood flow and oxygen
delivery expressed as tDO, and tHbDO, remained sta-
tistically unchanged during the study (Table 4), mBF,
tDO,, and tHbDO, were inversely correlated with Hct
(r=-0.39, p<0.001; r=—-0.27, p=0.042 and r =
—0.50, p < 0.001). Het and tHbDO, had a nonlinear
relationship (Fig. 1).

tHbO,D, the new online variable expressing tissue
oxygen delivery, correlated with tDO, (r = 0.77,
p < 0.001).

Muscle oxygen consumption
mVO, remained almost unchanged during CPB. mVO,

correlated directly with [HbO,] (r = 0.44, p < 0.001) and
with [HHb] (» = 0.39, p = 0.001). mVO, also correlated

with the microcirculatory variables tDO, (r = 0.47,
p <0.001), tHbO,D (r=0.35 p<0.005), mBF
(r=031, p=0.014), and with systemic lactates
(r = 0.31, p = 0.012). No correlation was found between
mVO, and MAP, CI, pH, PaCO,, Hct, or temperature.

Influence of hematocrit on systemic cardiovascular
and local microcirculatory variables

The one-way ANOVA testing differences in the measured
variables grouped according to the severity of the
patients’ clinical conditions disclosed no differences
among groups even when we pooled data for low- and
medium-risk subjects. Conversely, nearly all the tested
variables changed significantly according to Hct.
ANOVA showed that at Hct values less than 30% the
systemic variables MAP and pH decreased and PaCO,
and lactates increased by 10 and 44%, whereas the only
microcirculatory variables that increased were tBV and
tHbO,D (Table 5). At an Hct cutoff point below 20%,
MAP invariably diminished, whereas the other systemic
variables remained unchanged. The microcirculatory
hemoglobin and oxygen content variables all diminished
in relation to Hct, whereas blood flow and oxygen
delivery increased (Table 5). The only microcirculatory
variables that remained unchanged despite variations in
Hct were StO, and mVOs,.

Data on the patients’ postoperative course are given in
Online Resource 6.

Discussion

The first finding in this noninvasive observational study is
that although as expected CPB and perioperative he-
modilution reduce tissue hemoglobin and oxygen content
as measured by the microcirculatory variables [HbT] and
CtO,, they have no documentable in vivo effect on
patients’ skeletal muscle tissue oxygen delivery and tissue
metabolism. This new finding adds to current knowledge
on in vivo CPB-related microcirculatory changes within
skeletal muscle. We also confirm findings for other
techniques or other tissues showing that neither temper-
ature nor any of the major systemic cardiocirculatory and
metabolic variables influence microcirculatory function in
patients undergoing CPB surgery [2, 5] and support those
in sepsis [19]. Overall the observed microcirculatory
changes related to Hct indicate the Hct level below which
compensatory mechanisms probably intervene so that the
physician can undertake therapeutic strategies to adjust
them. Our study also provides in vivo information on how
CPB maintains constant oxygen delivery and tissue
metabolism.
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Table 5 Comparison of variables grouped for different hematocrit values in the 20 patients

Hct > 30% Hcet < 30% p value Hct > 20% Hcet < 20% p value

(n=22) (n = 56) (n = 60) (n = 18)
Systemic cardiocirculatory and metabolic variables
MAP (mmHzg) 77.1 (12.8) 67.4 (13.3) 0.003 72.4 (13.6) 62.0 (10.9) 0.010
CI (I/min/m~) 2.52 (0.90) 2.54 (0.64) 0.876 2.43 (0.69) 2.50 (0.72) 0.506
pH 7.45 (0.05) 7.42 (0.06) 0.019 7.43 (0.05) 7.44 (0.06) 0.382
PaCO, 353 (5.2) 38.7 (4.8) 0.020 38.5 (5.1) 35.5 (4.6) 0.060
Lactates (mmol/l) 0.9 (0.6) 1.3 (0.7) 0.015 1.4 (0.8) 1.5 (0.6) 0.789
SvO, (%) 76.5 (6.2) 77.1 (12.0) 0.962 76.3 (10.0) 79.0 (9.8) 0.411
Microcirculatory variables measured by NIRS
[HbO;] (umol/1) 34.7 (10.2) 304 (9.2) 0.077 32.9 (10.1) 27.3 (5.7) 0.019*
[HHb] (umol/l) 19.9 (4.9) 19.8 (5.2) 0.917 20.4 (5.1) 18.1 (4.6) 0.018
[HbT] (umol/l) 54.7 (13.2) 50.6 (11.2) 0.143 53.4 (12.3) 45.3 (7.8) 0.015
tBV (m1/100 ml) 3.0 (0.8) 3.7 (0.9) 0.002 3.4 (0.9 4.0 (0.7) 0.015
CtO, (ml O,/100 ml) 0.30 (0.09) 0.26 (0.08) 0.078 0.28 (0.09) 0.23 (0.05) 0.010*
StO, (%) 62.7 (8.3) 59.7 (9.5) 0.201 59.7 (12.4) 59.3 (8.2) 0.891
mBF (ml/min/100 ml) 0.38 (0.25) 0.50 (0.33) 0.132 0.40 (0.23) 0.69 (0.40) 0.002*
tDO, (ml O»/min/100 ml) 0.12 (0.09) 0.13 (0.10) 0.485 0.12 (0.08) 0.17 (0.13 0.030
tHbO,D (ml O,/min/100 ml) 1.3 (0.7) 2.1 (1.0) <0.001* 1.7 (0.8) 2.7 (1.2) 0.002*
mVO, (ml Oy/min/100 ml) 0.16 (0.13) 0.17 (0.11) 0.674 0.17 (0.12) 0.18 (0.10) 0.745

Data are expressed as mean and (SD). One-way ANOVA was used
to compare data

NIRS near-infrared spectroscopy, MAP mean arterial pressure, C/
cardiac index, SvO, mixed venous saturation, » number of mea-
surements; other abbreviations are defined in Table 1

Hemoglobin concentration and oxygen content
in skeletal muscle

Some help in interpreting the reduced [HbT] we measured
by NIRS in patients undergoing CPB surgery comes from
the fact this variable reflects the endovascular Hb con-
centration and microvascular changes including the
number of capillaries, arteriovenous shunts, postcapillary
venules, and to a lesser extent the arterioles. Calculating
tBV in part helps to distinguish the [HbT] portion linked
to changes in the tissue microvascular bed. During he-
modilution, NIRS showed higher tissue [HbT] values than
the reduced endovascular Hb concentration led us to
expect, possibly because Hct became less homogenously
distributed even within the capillary network [20] or
because the microvascular bed increased [21]. Besides
confirming that tBV increased during CPB our NIRS
findings show that Hct correlates only with [HbT] and not
with the single HbO, and HHb variables, implying that
the CPB-induced changes in microvascular bed distribu-
tion differ in the individual patients. Our results suggest
that the increased microvascular bed during CPB also
influences tissue oxygen extraction.

Measuring CtO, should prove clinically useful
because it provides a single variable that synthesizes the
final effect of changes in Hct on tissue hemoglobin sat-
uration and concentration. In our study, the increasing
blood flow and oxygen delivery presumably counterbal-
ance the reduced CtO, content related to endovascular Hb
during CPB, leaving tissue metabolism almost unchan-
ged. Owing to CPB-induced changes in tissue blood

* Mann—Whitney test

volume, changes in CtO, behave differently from changes
in StO,. The finding that the microcirculatory variable
StO, remains unchanged from baseline despite the
reduced CtO, and Hct could again be explained by con-
current CPB-induced changes in the individual vascular
bed (tBV) and in mVO,. Possible reasons why these
microcirculatory changes outlasted CPB are that Hct
remained low or inflammatory factors linked to CPB
persisted [2].

Microvascular perfusion and oxygen delivery
and consumption

Even if our in vivo NIRS findings show that CPB and
perioperative hemodilution leave skeletal muscle blood
flow and oxygen delivery unchanged the relationship
between changes in the microcirculatory variables shows
that mBF and tHbO,D changes depend on microvascular
bed volume expressed by tBV and on the endovascular
Hb concentration. Our NIRS data on tissue blood flow
agree with the correlation between the normovolemic
reduction in the erythrocyte count and skeletal muscle
blood flow despite unchanged oxygen delivery [22, 23].
Oxygen delivery presumably remains constant during
hemodilution either because the microvascular bed
increases or the erythrocyte circulation time diminishes.
Ample evidence underlines the importance of erythro-
cytes in blood flow control at rest [24, 25]. Others have
also underlined the important role of hemoglobin oxy-
genation and to a lesser extent the total erythrocyte count
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and Hb molecules in regulating skeletal muscle blood
flow and oxygen delivery [22]. In our study the mild
temperature fall during CPB surgery presumably made it
unnecessary to reduce Hct-induced viscosity. Although
CPB and perioperative hemodilution leave tissue oxygen
consumption unchanged, individual changes in mVO, are
directly related to changes in CtO,, microvascular bed
volume, blood flow, and oxygen delivery and affect the
systemic lactate concentration. These NIRS findings
therefore provide further evidence that oxygen extraction
changes according to skeletal muscle blood flow and
oxygen delivery as others have observed indirectly [22].
Because the time courses for the variables used to mea-
sure blood flow and oxygen consumption differ and static
measures cannot interfere with dynamic measures, these
calculations excluded possible mathematical coupling
between oxygen delivery and consumption.

Influence of Hct on microvascular variables

Our data confirm what others observed indirectly in
skeletal muscle tissue [22], namely that hemodilution
reduces the total hemoglobin tissue concentration and
blood flow but only at low Hct values (<20%) even
though microvascular bed volume and oxygen delivery
increased at higher Hct values (Table 5). Despite
remaining within a normal range, plasma lactate values,
pH, and PaCO, are most sensitive to Hct values less than
30% and correlate with the low MAP during CPB. Why
the MCHC changed so dramatically during CPB remains
an interesting question for future research.

The new online index for measuring oxygen delivery

Our finding that oxygen tissue delivery can be expressed
either by calculating the variables [HbT], StO,, and mBF
(tDO,), or simply and more directly by calculating the
sudden linear increase in HbO, after venous occlusion
(tHbO,D) receives support from the good correlation
between the two variables even though tHbO,D is more
sensitive than tDO, to changes in plasma Hct and also
varies significantly as Hct goes below 30%.

Effect of temperature and systemic variables
on microcirculation

Other factors may have influenced the microcirculation,
including the increase in inflammatory mediators [26] and
the decrease in core temperature. Despite the known mi-
crocirculatory effect induced by marked hypothermia
[27], the effect induced by moderate hypothermia is
controversial. In our patients undergoing CPB surgery
spontaneous changes in core temperature had no influence

on any of the studied variables. Presumably the slight
temperature decrease during CPB had no effect on tissue
oxygen consumption either because the effects induced by
anesthetic drugs predominated or the effect of tempera-
ture-induced changes were counterbalanced by inotropic
drugs such as enoximone.

Our study also confirms that global hemodynamic
variables have no influence on microcirculation in
patients undergoing CPB [6, 28]. Serum lactates seem
weakly sensitive to changes in MAP and Hct even if our
patients’ values remained within normal ranges and none
of the patients had organ failure after CPB.

Limitations

Our study has several limitations. First, a possible tech-
nical limitation is that the changes in the microvascular
bed and blood flow we describe are indirectly derived
from changes in tissue Hb related to Hb content in blood
samples. Besides, microcirculatory Hct is nonhomoge-
neously distributed and cannot be predicted owing to
complex factors that include variations in erythrocyte
volume and vascular smooth muscle activity [29].

Second, even though we detected a statistical rela-
tionship only between microcirculatory variables as
measured by NIRS and major systemic cardiocirculatory
and metabolic variables and especially with Hct, micro-
vascular perfusion reflects other factors, e.g., artificial
nonpulsatile perfusion by CPB, blood contact with arti-
ficial surfaces, surgical trauma, leukocyte activation, and
CPB-related inflammatory factors beyond the purpose of
this study.

Finally, because we compared variables measured
after anesthesia induction with those measured during and
after CPB the NIRS microcirculatory changes we
observed are presumably almost unaffected by anesthetic
drugs but might partly reflect changes induced by
endogenous catecholamine release or variations in the
depth of anesthesia.

Conclusions

This noninvasive observational NIRS study gives new
insights into tissue oxygen delivery and metabolic chan-
ges and compensatory mechanisms during CPB and
perioperative hemodilution. During CPB surgery patients’
skeletal muscle oxygen delivery and metabolism remain
almost unchanged. The only factor that correlates directly
with the oxygen content variables and inversely with
blood flow and induces significant changes in tissue
hemoglobin content, blood volume, and oxygen delivery
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leaving oxygen consumption unchanged is hemodilution.
Hence hemodilution in patients undergoing CPB should
be kept within levels unlikely to induce microcirculatory
changes. Another clinically useful finding is that the

sudden increase

in [HbO,] after venous
(tHbO,D) promises to be a practical new online index for
measuring by NIRS oxygen availability at the bedside in
patients with suspected microcirculatory dysfunction.

occlusion
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